The heart is one of the vital organs and is functionalized for blood circulation from its early development. Some vertebrates have altered their living environment from aquatic to terrestrial life over the course of evolution and obtained circulatory systems well adapted to their lifestyles. The morphology of the heart has been changed together with the acquisition of a sophisticated respiratory organ, the lung.
| INTRODUC TI ON
The heart is a pumping organ that circulates blood containing gases and nutrients to the entire body, which is observed even in animals in a basal position phylogenetically. It is thought that the first heartlike structure was most likely a tubular and pulsatile structure that emerged in a bilaterian ancestor prior to the divergence of deuterostomes and protostomes (Monahan-Earley, Dvorak, & Aird, 2013; Olson, 2006; Pérez-Pomares, González-Rosa, & Muñoz-Chápuli, 2009; Simões-Costa et al., 2005) , and after the branching of these two clades, the multichambered heart emerged in both lineages. In the protostome lineage, mollusks have a two-chambered heart divided into an atrium and ventricle, and in the deuterostome lineage, vertebrates have a two-to four-chambered heart. Vertebrates have changed their heart structures and functions to adapt to their living environment over the course of evolution; simple structures became more complicated and sophisticated and optimized for their new living environment (Figure 1 ). Acquisition of pulmonary circulation is an important event in cardiac evolution, and the oxygen concentration in the blood is tightly associated with this event. Terrestrial life requires much oxygen and energy; therefore, vertebrates developed pulmonary circulation and a septated heart with venous and arterial blood completely separated, enabling them to send the high-oxygen blood to the peripheral tissue and adapt from an aquatic to a terrestrial life.
| S TRUC TURE S OF VERTEB R ATE HE ARTS
Fish have a single circulation system and use gills as a respiratory organ. The heart of fish is composed of a sinus venosus, atrium, ventricle and outflow tract (OFT). Amphibians have a sinus venosus, two-chambered atria, and a single ventricle with numerous trabeculae. The well-developed trabeculae in the ventricle help separation for the bloodstream into the OFT. They use gills as the respiratory organ at the larval stage and then use skin and lungs after metamorphosis. The skin provides a large part of the respiratory function; thus, amphibians do not require a septated heart to separate arterial and venous blood completely. Reptiles have a systemic heart adapted to terrestrial life and have a higher metabolic rate. In reptiles, the sinus venosus is reduced compared to that of amphibians, | Kazuko Koshiba-Takeuchi 1 and the atrium is completely divided into two chambers. There are two types of ventricles in reptiles; squamates (lizards and snakes) and chelonians (turtles) have a single ventricle, and crocodilians have two-chambered ventricles. The heart of chelonians and squamates has no ventricular septum but has a well-developed muscular ridge under the OFT, which prevents arterial blood from mixing with venous blood in the ventricle. In addition, reptiles have a unique OFT that is divided into three arteries; the right arterial trunk derived from the left ventricle and the left arterial trunk and pulmonary artery trunk derived from the right ventricle. In both squamates and chelonians, during aerial respiration, venous blood is mainly sent to the pulmonary artery trunk. By contrast, when they are in the water, venous blood is sent to the left arterial trunk due to the pulmonary resistance working against it. In addition, crocodilians have a ventricular septum and foramen of Panizza that connects the right and left aortic arches. During aerial respiration, the arterial blood from the left ventricle is circulated into both aortic arches through the foramen of Panizza due to the high pressure of the blood flow from the left ventricle. However, in an aquatic environment, when a crocodile dives, the blood from the right ventricle mainly flows into the left aortic arch not into the pulmonary artery. These lung-bypass circulations provide physiological advantages in reptiles when they cannot use fresh air under the water. Thus, reptiles make their circulation efficient to adapt to their living environment. Birds and mammals have a four-chambered heart separated completely by atrial/ ventricular septa, and arterial and venous blood are never mixed.
In birds, the sinus venosus is more reduced than in reptiles, and in mammals, it becomes a part of the right atrial wall. The OFT splits during development and forms a single pulmonary trunk and a single aortic trunk in the adult. Contrary to the adult heart, embryonic hearts of birds and mammals have systems similar to those of basal vertebrates that inhabit aquatic environments in that it is possible to bypass pulmonary circulation. One bypass is the foramen ovale, through which blood in the right atrium flows into the left atrium directly, and the other is the ductus arteriosus, which is a tunnel connecting the pulmonary artery and aortic arch. Urodele amphibians also have a ductus arteriosus, and reptiles underwater form similar lung-bypass blood circulation. Therefore, this similarity in blood flow indicates that there is a correlation between low-oxygen environments such as the intrauterine environment and underwater with heart structures and functions in mammalian embryos and basal vertebrates. Given these patterns, how do vertebrates establish the developmental programs by which heart morphogenesis has adapted to their living environments? Here, we summarize the current understanding of mechanisms by which vertebrates adapt to the living environment with alterations of the heart structures and functions of their circulation systems.
| OUTFLOW TR AC T E VOLUTI ON

| Acquisition of bulbus arteriosus in teleost
The OFT is an organ that connects the ventricle and ventral aorta. In fish evolution, teleosts have acquired a unique OFT, called the bulbus F I G U R E 1 Heart structures and circulation/conduction systems of adult vertebrates. Fish have a single circulation and use gills (G) as a respiratory organ. Amphibians, reptiles, birds and mammals have systemic and pulmonary circulations and use the lung (L) as a respiratory organ. Amphibians also use the skin (S) for respiration. In the conduction systems of lower vertebrates without a ventricular septum, electrical impulses (blue allows) propagate base-apex in the ventricle. In four-chambered vertebrates, electrical impulses propagate apexbase in the ventricle. B, body; H, heart; red, arterial blood; blue, venous blood. [Colour figure can be viewed at wileyonlinelibrary.com] arteriosus (BA), which has a swollen shape and is rich in elastin. The most characteristic feature of the BA is that the OFTs of nonteleost fish and other vertebrates consist of cardiac muscle, whereas the BA consists of smooth muscle. Teleosts are thought to be fish species well adapted to the aquatic environment through obtaining the BA over the course of evolution. The BA has a "windkessel" function, absorbing the pressure of the bloodstream ejected from the ventricle by elastic expansion (Braun, Brill, Gosline, & Jones, 2003) . By this function, microvessels in the gills are protected from the high pressure of the bloodstream, and the blood can flow into the gills efficiently. Therefore, the BA has been considered one of the most important organs in teleosts; however, the molecular mechanism underlying BA acquisition and formation in fish evolution and development was unclear. A previous study showed that in the evolution of teleosts, the elastin gene was duplicated by teleost-specific wholegenome duplication (WGD), and subsequently one of the duplicated genes was neofunctionalized to possess the specific function that provides BA formation (Moriyama et al., 2016; Figure 2) . WGD is a phenomenon in which chromosomes and coding genes are duplicated and which contributes to the emergence of evolutionary novelties (Moriyama & Koshiba-Takeuchi, 2018; Postlethwait, Amores, Cresko, Singer, & Yan, 2004) . In the zebrafish genome, there are two elastin genes (elna and elnb; Chung et al., 2006) Recently, it has been gradually revealed that mechanical forces such as spring forces, osmotic pressure, surface tension and shear stress play a significant role for cell fate determination and morphogenesis from early stages of development (Mammoto & Ingber, 2010) .
These results indicate that mechanical cues are involved in cell fate determination and contribute to the acquisition of the BA in teleosts (Moriyama et al., 2016) .
| Outflow tract septation
The septation of the OFT is an important event for the development of double circulations. At early stages of heart development, the OFT is a single tube and then is divided by the septum, which separates the OFT into the aorta and pulmonary artery. The OFT septation is also observed in cardiac evolution of vertebrates and is closely related to the establishment of pulmonary circulation. Genetic tracing of cNCCs labeled OFT septum and surgical ablation of cNCCs resulted in OFT malformation (Hutson & Kirby, 2003; Jiang, Rowitch, Soriano, McMahon, & Sucov, 2000; Stoller & Epstein, 2005) . cNCCs are migratory cells that have a potential to differentiate to multiple cell types; therefore, they can contribute to various structures such as the pharyngeal arch arteries, thymus, parathyroid and heart. In zebrafish, which have a single OFT, cNCCs migrate from more expanded rostrocaudal region than that of chick or mouse and contribute to all segments of the heart including the OFT, atrium, atrioventricular junction, and ventricle (Sato & Yost, 2003) . In amphibians (Xenopus), which have an incomplete OFT septum, the spiral valve is not derived from cNCCs, but the second heart field consisting of visceral mesoderm contributes to form the OFT and its septum (Lee & Saint-Jeannet, 2011) . In reptiles, the transcription factor TFAP2α, which is an activator for migrating neural crest cells, is expressed in the OFT; thus, it indicates that cNCCs are important for OFT formation (Poelmann et al., 2017) . As we mentioned above, reptiles have three great arteries; pulmonary artery and a left visceral and a right systemic aorta.
The pulmonary trunk and both aortae are separated by cNCC and the aortae are separated by the visceral mesoderm-derived cells (Poelmann et al., 2017) . This means that the aorto-pulmonary septum between aortic and pulmonary trunks is derived from cNCC like as birds and mammals. Crocodiles have a unique shunt, the foramen of Panizza, which forms a channel through the aortic half F I G U R E 2 BA formation by elnb in teleost cardiac development. In teleosts, elnb is specifically expressed in the OFT and alters cell fate determination of cardiac progenitor cells into smooth muscle cells. A, atria; BA, bulbus arteriosus; OFT, outflow tract; V, ventricle (Modified from Moriyama et al., 2016) . [Colour figure can be viewed at wileyonlinelibrary.com] of the distal septal cushion, and then the lumina of the visceral and systemic aorta are joined. It is suspected that either the cNCC or the growing myocardium is probably preventing the foramen of Panizza from developing in the pulmonary third of the distal septal cushion (Poelmann et al., 2017) . Throughout evolution, vertebrates have changed the structures of the OFT by the contribution of cNCCs for the OFT septation to establish double circulations. In the ventricle, both left and right ventricles equally contribute to the ventricular septum formation (Franco et al., 2006) , while in the atrium, the left atrium mainly contributes to atrial septum formation (Franco et al., 2000; Furtado, Biben, Shiratori, Hamada, & Harvey, 2011; Ramsdell, Bernanke, & Trusk, 2006) . Tbx5, which codes a T-box type transcription factor, shows an expression pattern restricted to the left ventricle in chicks and mammals, and the expression boundary is formed in the middle of the ventricular septum (Bruneau et al., 1999; Takeuchi et al., 2003; Figure 3a) . The heterozygous mutations or deletion of Tbx5 cause ventricular septum defects in humans and mice, respectively, indicating the importance of Tbx5 dosage for ventricular septum formation (Basson et al., 1997; Bruneau et al., 2001; Li et al., 1997) . In Anolis, Tbx5 is expressed in the whole ventricle through the cardiac development (Figure 3c ), whereas in turtles, at the early stages, Tbx5 is expressed in the entire ventricle, and then the Tbx5 expression is decreased in the right ventricle; as a result, it shows the graded expression in a left-high and right-low manner 
| VENTRICUL AR E VOLUTION
| Tbx5 and ventricular septum formation
| Two heart fields and ventricular evolution
In mammals, the heart is formed from mesodermal progenitors in the first and second heart fields (FHF and SHF). The FHF, positive for In both zebrafish and Xenopus, Tbx5 is expressed in the large part of the ventricle (Horb & Thomsen, 1999; Takeuchi et al., 2003) , and the function of their single ventricle is similar to that of the left ventricle; thus, the right ventricle of the four-chambered heart is thought to be added evolutionally accompanied with the acquisition of pulmonary respiration. Zebrafish have a single ventricle, but it forms the FHF and SHF during heart development similar to four-chambered animals. In zebrafish, latent TGF-β binding protein 3 (ltbp3) marks a field of cardiac progenitor cells with defining characteristics of the anterior SHF in mammals (Zhou et al., 2011) . The ltbp3-positive cells give rise to OFT and the distal ventricle, and the knockdown of ltbp3 causes multi-lineage cardiovascular defects in the ventricle and OFT.
The SHF in zebrafish is regulated by tbx1 and isl2b, indicating that the molecular mechanisms of SHF development are conserved between zebrafish and mammals (Nevis et al., 2013; Witzel, Cheedipudi, Gao, Stainier, & Dobreva, 2017) . A recent study showed that in zebrafish tbx5 and pitx2, key regulators of ventricular septum, control the relative contribution of FHF and SHF to the heart tube, and a correct ratio of each heart field derived-cells and the establishment of precise physiologic boundary between these two fates are important for normal cardiac function (Mosimann et al., 2015) . This result indicates that the functional partitioning is already present in a single ventricle of zebrafish and such regional physiology is under the control of the same transcriptional programs as mammals. Zebrafish has two tbx5 genes, and the tbx5a lineage tracing analysis shows that the ventricular myocardium mainly consists of tbx5a-positive cells. The ablation of tbx5a-positive cardiomyocytes in the zebrafish embryos is compensated by expansion of SHF derived cells (Sánchez-Iranzo et al., 2018) . These facts suggest that the molecular and functional blueprint of chamber identity is already present in zebrafish but it would be unstable and rewritable by regeneration, meaning that the establishment of chamber identity is not enough to initiate the ventricular septum formation.
| COE VOLUTI ON OF ATRIAL S EP TUM AND LUNG
| Origin of lung
Some fish have a lung. Lungfish have a lung and use it for respiration, and coelacanth, which also belong to sarcopterygian as lungfish, has a lung at the embryonic stages (Cupello et al., 2015) . The basal actinopterygian fish, bicher, possess a lung for air breathing. Other basal actinopterygian fish, gar and arowana, use a gas bladder for air breathing, which is generally used for controlling the buoyancy in most actinopterygian fish. Both gas bladder and lung have the similar function for gas exchange and they share the similar gene expression profile during the development, therefore they are considered to be homologous organs. However, they are developed from the different region of foregut endoderm, which is a point for further discussion for the origin of lung and gas bladder in the lung evolution. A recent study has revealed that a Tbx4 core lung mesenchyme-specific enhancer (Tbx4C-LME), which is conserved in sarcopterygians that use lungs for respiration, is found in bicher genome (Tatsumi et al., 2016) . In other actinopterygians, the Tbx4C-LME is not present or incomplete. This indicates that the molecular mechanism of lung development is conserved in bicher and lungs would be present in the common ancestor of actinopterygians and sarcopterygians.
| Common progenitors and formation of cardiopulmonary connection
Respiratory system and atrial septum formations have been tightly and pericyte-like cells. Therefore, the coordination of heart and lung development would be promoted by the multipotent cardiopulmonary progenitors (Peng et al., 2013) . The other evidence is that the hedgehog (Hh) signaling secreted from pulmonary/pharyngeal endoderm affects the atrial and OFT septum formation and pulmonary trunk formation (Goddeeris, Schwartz, Klingensmith, & Meyers, 2007; Goddeeris et al., 2008; Hoffmann, Peterson, Friedland-Little, Anderson, & Moskowitz, 2009; Washington Smoak et al., 2005) . The Hh signaling form pharyngeal endoderm specified cardiac progenitors in the anterior second heart field and these cells contribute to the pulmonary trunk (Figure 4a ). These facts indicate Hh signaling is critical for lung development and formation of cardiopulmonary connection.
| Atrial septum formation
Specific knockout of Hh signaling in the pulmonary endoderm by conditional ablation of sonic hedgehog with Nkx2.1 Cre exhibited the atrial septum defect (Hoffmann et al., 2009 ). These facts indicate that Hh signaling secreted from the pulmonary endoderm is required for the atrial septum formation. Haploinsufficiency of TBX5 causes
Holt-Oram syndrome, characterized by limb abnormalities and cardiac malformations, especially atrial septum defects caused in high penetration (Basson et al., 1997; Bruneau et al., 1999; Li et al., 1997) .
Gli1 is a Hh signaling transcriptional target, and the genetic inducible fate mapping showed that the atrial septum was marked with Gli1-positive cells, and these cells migrated between E9.5 and E11.5 from the posterior second heart field (pSHF) consisting of visceral mesoderm into the atrial septum (Hoffmann et al., 2009 ). The expressions of Tbx5 and Gli1 are overlapped in the pSHF, and the ablation of Tbx5 in the Hh-receiving cells in pSHF caused atrial septum defects. 
These facts indicate that the
| E VOLUTION OF CONDUC TION S YS TEM
Birds and mammals maintain high rates of heart contraction (Lillywhite, Zippel, & Farrell, 1999) to adapt to the high rates of oxygen consumption they need to live. The cardiac conduction system (CCS) enables the sequential contractions of atria and ventricles and propagates the activating impulse rapidly (Christoffels, Smits, Kispert, & Moorman, 2010) . In a four-chambered heart, the CCS consists of the sinus-atrial (SA) node, atrioventricular (AV)
node, His bundles and Purkinje fibers. The SA node is a pacemaker F I G U R E 4 Cardiopulmonary progenitors and Tbx5/hedgehog signaling for atrial septum formation. Cardiopulmonary progenitors (CPPs), Wnt2, Gli1 and Isl1-positive cells, are located in the posterior splanchnic mesoderm continuous with the inflow tract. They contribute to inflow development. While, pulmonary trunk progenitors (PTPs), Gli1 and Isl1-positive cells, are located in the anterior splanchnic mesoderm continuous with the outflow tract, and they contribute to pulmonary trunk (A). Tbx5 acts upstream and parallel to Hh signaling with direct activation of Gas1 and Ors1 expression, and Tbx5 also activates Cdk6 directly for atrial septum progenitor proliferation and specification (B). Hh signaling is secreted from pulmonary endoderm, and Hh-receiving cells migrate to the atrium and contribute to atrial septum formation (C). A, atria; LA, left atrium OFT, outflow tract; RA, right atrium; V, ventricle (adapted from Hoffmann et al., 2009; Xie et al., 2012; Peng et al., 2013) 
| Molecular patterning of conduction system
In mammalian embryos, SA node cells are derived from cardiac progenitors expressing Tbx3 and Isl1 (Hoogaars et al., 2007; Sun et al., 2007) . In zebrafish embryos, knockdown of isl1 induces heart rate defects related to the pacemaker dysfunction at the embryonic stages; furthermore, the isl1-positive cells, organized as a ringshaped structure around the venous pole, have a pacemaker function in adult zebrafish (Tessadori et al., 2012) . These facts indicate that the cardiac conduction system determined by Isl1 has been conserved during vertebrate evolution.
Tbx2 and Tbx3 inhibit expression of chamber genes including
Nppa and Gja5, which are required for fast conduction (Miquerol, Beyer, & Kelly, 2011) , and thus Tbx2 and Tbx3 prevent the AV canal from differentiation to the fast-conducting chamber myocardium (Christoffels et al., 2010) . In mammals and birds, Bmp2, which is crucial to the activation of Tbx2 and Tbx3, is expressed in the AV canal at the embryonic stage only, while in reptiles (Anolis), Bmp2 expression remains even in the adult (Jensen et al., 2012) . In chick and mouse embryos, the ventricular wall consists of a trabecular inner layer and a thin, compact outer layer, and both layers express natriuretic peptides (Nppa and Nppb) and Gja5 (Hall et al., 2004; Houweling, Somi, Van Den Hoff, Moorman, & Christoffels, 2002) .
During development, the expression of Gja5 is gradually restricted in the compact layer, and after birth, it is restricted to the HisPurkinje network (Miquerol et al., 2011) . However, in adult Anolis hearts, Gja5 is expressed throughout the trabecular ventricular wall (Jensen et al., 2012) . These facts indicate that the similarity of gene expression profiles in the conduction system leads to similar conduction patterns in adult reptiles and embryos of birds and mammals. It is conceivable that as adult reptiles embryonic birds and mammals have a single ventricle without a septum; therefore, similar conduction systems are utilized.
| CON CLUS ION
In this review, we summarize the morphological diversity of vertebrate hearts according to their distinct environments. The septum formation in the OFT, ventricle and atria is a critical event for adaptation to new environments for using high-concentration oxygen efficiently and the novel respiratory organ; as a result, pulmonary circulation has been independent from the systemic circulation. Oxygen concentration should be important for the circulation system, but little is known about how oxygen affects the gene expression related to the cardiac septum formation and the gene regulation mechanisms of Tbx5, which play important roles in both atrial and ventricular septum formation. To gain completely independent pulmonary circulation, the atrial septum, OFT, and ventricle should be formed sequentially, suggesting the existence of a trigger molecule that is sensitive to oxygen dosage at each of the steps.
We still do not know the mechanism of how oxygen concentration induces morphological changes in the heart, while during heart development, oxygen concentration is important for cardiomyocyte differentiation and proliferation. Zebrafish, urodele amphibians and neonatal mice possess regeneration ability, and when the ventricle apexes are amputated, they can proliferate cardiomyocytes and refill the region removed by the resection (Nakamura et al., 2016; Porrello et al., 2011; Poss, Wilson, & Keating, 2002) .
The character of cardiomyocytes of fetal mice is very similar to that of zebrafish since they live in low-oxygenated environments (Kikuchi & Poss, 2012; Puente et al., 2014) . Recent studies have revealed that the high concentration of oxygen promotes cardiac maturation and loss of proliferation ability in mice. When newborn mice grew in a hypoxic environment, their cardiomyocytes maintained a higher proliferation activity at P7 than in the normal environment, and even adult mice exposed to chronic hypoxia showed cardiac regeneration ability through cardiomyocyte proliferation (Nakada et al., 2017; Puente et al., 2014) . In both evolution and development, mammalian hearts lose proliferation and regeneration abilities instead of acquiring effective cardiomyocytes, which can produce high pressure. These results indicate that the environment, especially oxygen concentration, can affect the heart development and function; not only cardiac morphogenesis but also the character of cardiomyocytes is affected.
The environment affects life in various situations, and in the heart, oxygen regulates structures and functions. Congenital heart disease and heart failure are severe problems in human development and health; therefore, understanding the molecular mechanism of how the heart adapts to the environment will give us new insights for basic and medical research fields.
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